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APPLIED TECHNOLOGY LABORATORY POSITION STATEMENT

This report provides considerable insight into several research and devel-
opment problems that have been and continue to be experienced in Army gas
turbine engines. The problem of minimizing performance losses caused by
turbine tip leakage has been previously approached analytically since
measurement techniques have not provided suitable data. This program
has provided realistic data and an assessment of the adequacy of analy-
tical techniques. This program has also provided a valuable indication
of the magnitude of the thermal distortion which occurs in small engine
shrouds and the relative impact of this distortion on tip clearance
losses. In reviewing this report, the reader is cautioned that the data
presented is truly valid for only this test vehicle, and the conclusions
reached may be valid only for this type of shroud configuration (a canti-
levered shroud). The results of this contract have been incorporated

in the improvement of analytical techniques and will be integrated into
other research and development programs at the Applied Technology Lab-
oratory.

Mr. Jan M. Lane of the Propulsion Technical Area, Technology Applications
Division, served as Project Engineer for this effort.
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SUMMARY

The objective of this program was to apply accurate turbine tip-clearance
measurement instrumentation to the full spectrum of actual gas generator
operation and determine the tip-clearance response of an advanced high-
pressure gas producer turbine stage. Comparison between the measure-
ments and a one-dimensional analytical prediction of the tip-clearance
response will provide a basis for optimization of turbine rotor/shroud
designs for minimum operating tip clearance.

The program was accomplished through four basic phases:

. Definition of Test Program - Tip-clearance analysis was
accomplished and the test procedures were defined.

. Instrumentation - Instrumentation was designed and
procured, and the gas generator was prepared for test,

. Test -~ Tip-clearance response and associated component
temperatures were measured over the full range of gas
generator steady-state and transient operation,

. Analysis - Comparison between measurement and
analysis was completed.

The analytical and experimental program was successful in providing a
reliable correlation between analysis and measurement, verifying the
accuracy and usefulness of the laser tip-clearance measurement device,
and providing a record of the tip-clearance response of the advanced gas
generator test vehicle,
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PREFACE

The turbine tip-clearance measurement program was authorized and
directed by the Applied Technology Laboratory, U., S, Army Research
and Technology Laboratories (AVRADCOM), Fort Eustis, Virginia,under

Contract DAAJ02-75-C-0051.

The program was conducted by the Avco Lycaming Division, Stratford,
Connecticut,

Technical direction was provided by Mr, J, Lane of the Applied Tech-
nology Laboratories,
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INTRODUCTION

Tip clearances in advanced, improved performance gas turbines must be held at a minimum
to avoid unacceptably large aerodynamic performance losses. Small, highly loaded gas pro-
ducer turbine stages operating at a tip clearance of approximately one percent of blade
height typically lose two to three percent in efficiency for each percentage point of
additional tip clearance. The conflicting requirement for adequate clearance to preclude tip
rubs under steady-state and transient engine operating conditions necessitates a comprehen-
sive knowledge of the dynamic growth behavior of the turbine system in its operational
environment. Consequently, an accurate analytical modeling approach to the design of the
rotor/shroud systems in these high-performance engines is necessary. Successful reduction
of operating clearances in gas turbine engines requires the application of analytical and
experimental techniques to predict and verify the performance of the turbine rotor/shroud
system over the full range of gas turbine operation.

The problem of tip-clearance determination was addressed analytically through the use of

a Lycoming-developed, one-dimensional tip-clearance calculation technique and experimentally
through test of an advanced gas generator turbine developed under the Army STAGG
(Small Turbine Advanced Gas Generator) Program and designated PLT-34. The gas genera-
tor was equipped with three laser tip-clearance measurement probes and extensive instrumen-
tation to measure aerodynamic parameters and turbine component temperatures.

This program was successful in verifying the accuracy of the analytic technique in calcu-
lating transient response rates of tip clearance and component temperature over the full
range of gas generator operations. Differentials between measured and calculated steady-
state tip clearance were caused primarily by a two-dimensional thermal strain distribution
in the shroud which was not accounted for in the one-dimensional analytic technique.
The laser tip-clearance measurement system was demonstrated to be a useful and accurate
technique when used under carefully controlled laboratory/test cell conditiuns. Analysis
and measurement results from this program will be used to provide a baseline for the
improvement of the tip-clearance control of the Lycoming advanced technology demon-
strator engine (ATDE).

I
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TEST VEHICLE DESCRIPTION

GENERAL

The PLT 34 gas generator (Figure 1) employs a two-stage axial and a
single-stage centrifugal compressor, a reverse-flow annular combustor,
and a two-stage axial turbine. Two basic modules comprise the gas
generator: the axial compressor module and the compressor-turbine
module, The axial compressor module includes the inlet housing, all
components of the axial compressor section including the intermediate
housing, and the accessory drive gear. The structural support for the
forward bearing is through the intermediate housing, which is the for-
ward section of the inter-compressor duct. The shaft interface with the
high-pressure module is a self-piloting splined coupling. The com-
pressor-turbine module includes the middle bearing support (which is
the rear section of the interstage duct), the centrifugal bearing, and

the seal assemblies.

The gas generator rotor system uses three ball bearings to control
rotor clearance and to exclude rotor critical speeds within the operating
range. Two basic elements comprise the rotor system: (1) the axial
compressor rotor, which is supported by the forward ball bearing and
the splined coupling; and (2) the high-pressure rotor, which is straddle-
mounted on the middle and aft bearings.

The combustor liner, fabricated from Hastelloy sheet stock.is mounted
on four radial pins from the machined nickel alloy combustor housing
header. The liner has a slip joint at the outer first turbine nozzle
interface, and the axially flexible diaphragm is bolted to the inboard
first nozzle flange.

The first turbine nozzle assembly is fabricated from formed sheet stock
and an integral vane and flow-path casting. The nozzle uses two-pass
cooling through cored passages with cooling air discharge near the
trailing edge through two eloxed slots. Both inner and outer nozzle
interface flanges are axially remote from the nozzle vanes to minimize
the radial depth of the section over the vane end shrouds and to
accommodate thermal expansion gradients., The first rotor cooling-air
preswirl nozzle, which is bolted to the first turbine nozzle inboard
flange, incorporates the cylinder for the diffuser piston ring seals. The
location of the first nozzle is established at the outer flanged interface
with the combustor header, which also connects the first rotor shroud
and second nozzle assembly to the outer structure,

12
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The second turbine nozzle, also an integral casting, is brazed to the
inner sheet stock diaphragms, seal assembly, and machined outer
flange. Pressurization air passes through holes in the outer flange and
the cored vanes to the inboard rotor labyrinth seal.

The turbine rotor assembly comprises the individually bladed first

rotor assembly and the integrally cast second rotor. The first rotor
blade is an investment casting and is supplied with compressor discharge
air for blade cooling. As shown in Figure 2, the cooling air is supplied
through a preswirl nozzle, which imparts a tangential momentum to the
coolant, This reduces static pressure in the rotor cavity, thereby
minimizing labyrinth seal pressure drop, and reduces static temperature
of the onboard cooling air as well as pumping losses. Individual holes
are provided in the disc to transfer the cooling air to the blades where it
flows through an integrally cast, three-pass cooling network. The
coolant issues through an integrally cast slot at the blade's trailing edge.

The cooled first-stage turbine shroud is cantilever-supported from the
combustor ID housing. The cooling air passage is formed between the
shroud and a sheet-metal baffle attached to the first nozzle outer
shroud. The shroud has stagger-spaced hexagonal knobs cast on the
outer surface which are used to maintain a positive airflow passage
between the cylinder and the sheet-metal baffle during engine operation.
The knobs also act as flow turbulators to increase the cooling air heat-
transfer rate. The cooling air is admitted to the space between the
shroud and baffle at the aft end, flows forward, and discharges into the
mainstream at the shroud leading edge.

14
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ANALYTIC TECHNIQUE

APPROACH

The tip clearance of a turbine stage is a function of the differential
radial growth of the disc, the blade, and the shroud as the engine is
exercised over its operating range. Analysis of the response of the
turbine system to steady-state and transient operating conditions has
been accomplished through the application of a one-dimensional tip-
clearance calculation technique, which yields the instantaneous value
of clearance at any point along an engine operational characteristic,

The turbine stage is characterized as a one-dimensional, finite-element,
heat-transfer matrix, which is solved through successive time interval
iterations for each steady-state and transient engine operating condition.
At each time interval, temperatures are calculated for each finite-
element nodal point as a result of aerodynamic and thermal boundary
conditions and selected heat-transfer correlations to adjacent nodes.
Correlation functions for each fluid/surface interaction are based on

the geometry of the heat-transfer interface and the associated thermo-
dynamic parameters. Aerodynamic and thermal boundary conditions
for input to the analytical model are obtained from engine performance
analysis or from actual test data when available, Included are the
distributions of turbine inlet temperature, cooling air temperatures,
flow rates, and pressures throughout the system as a function of time
for the selected operating conditions,

Disc, blade, and shroud temperature distributions, in conjunction with
rotational speed, are used to calculate the radial growth of each com-
ponent as a function of time. These values are combined to yield the
resulting tip-clearance response characteristics for steady-state and
transient engine operation,

HEAT-TRANSFER MODEL DESCRIPTION

The one-dimensional, finite-element model constructed to simulate the
PLT 34 first-stage gas producer turbine is illustrated in Figure 3. The
model consists of an array of nodal elements that represent the material
and fluid flow-path configuration of the turbine stage. These nodal
representations are discussed below,

Material Nodes

Material nodes used to represent the turbine components were selected

16
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to enable a one-dimensional radial temperature distribution to be
calculated for the disc, the blaae, and the shroud. A description of
the model setup for each component follows:

a. Disc

The rotating disc is divided into seven radial metal nodes
(Figure 3, areas 40 to 46), with additional nodes located to
account for axial conduction at the rim (55, 57), the preswirl
cavity seal (53), the retaining plate (54), and the spacers
(51, 52). The additional nodes are used to afford a more
accurate definition of the radial temperature distribution for
use in the tip-clearance calculation.

Blade

The blade platform is divided into three nodes to account for
axial conduction (Figure 3, areas 56, 47, 58), and the airfoil
surface is characterized by three radially located nodes (48,
49, 50).

. Shroud

The shroud is divided into four axial nodes (Figure 3, areas

60, 61, 62, 63), with additional nodes to simulate the cooling
bosses (64, 65), the cover plate (66), and the shroud support
(59).

Contact Surface Nodes

Provision is made to account for heat-transfer contact resistance at
points where contact between components exists. Included are contact
nodes between the disc and the forward spacer (Figure 3, area 70),
between the blade root and the disc rim (71, 72, 73), and between the
shroud and the sheet-metal cover plate (74, 75).

Fluid Nodes

These elements represent the hot-gas and cooling air streams surround-
ing the rotor/shroud system and comprise the following:

a, Gas

Inlet gas is represented by three radially located nodes

18




- (Figure 3, areas 16, 18, 20) which are used to afford
» simulation of the turbine inlet radial temperature profile.
'y In addition, the effect of temperature drop across the stage
S

SRS N

on distribution of shroud temperature is accounted for by
assigning four gas temperature nodes along the shroud
(22, 24, 26, 28).

< b. Cooling air

Cycle cooling airflow rates are input as a percentage of main
gas flow, and each coolant stream is represented by a series
: (4 of nodal elements. Blade cooling air enters the system at the
: disc forward face (Figure 3, area 7) and flows through a ¥
transfer hole in the disc (11) and through the blade cooling
network (12, 13, 14). Leakage through the forward disc laby-

. rinth seal (9, 10) is also simulated. Disc aft face cooling air,
which is supplied through the second nozzle vanes, is char-
9 acterized by three fluid nodes (3, 4, 5). The stagnant air

regions surrounding the disc in the hub area are also included
as three nodes (77, 2, 79). Shroud cooling air flows between
the shroud and the sheet-metal cover plate, exhausts at the
shroud leading edge, and is simulated by four nodes (30, 31,
32, 33). The conduction link between the shroud support and
its mounting flange is simulated by a fluid node (37).

c. Boundary conditions

Input values of gas and cooling air temperatures, as a function
of time, are transferred to the analytic model through the
boundary condition nodes, Gas inlet temperature is repre-
sented as three radially located nodes (Figure 3, areas 15,

17, 19) and four axially located nodes (21, 23, 25, 27); blade
cooling air by node (6); disc aft face cooling by node (8); disc
bore boundary temperatures by three nodes (76, 1, 78); shroud
cooling air by node (29); and the shroud mounting flange con-
duction link by node (36).

CALCULATION TECHNIQUE

The calculation of tip clearance is discussed below.

Boundary Conditions

Boundary condition parameters are defined for each steady-state and
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transient gas generator operating condition, Parameters that are

4 related to turbine rotational speed only are supplied as a function of
4 speed.
>
f,‘, These include:
;v
d a., Turbine temperature drop - inlet to exit
i
5 b. Turbine relative inlet temperature -
“ differential from inlet total temperature
X
A c. Turbine cooling air inlet temperature -
o differential from compressor exit temperature
A 9
: d. Disc upstream static pressure
3 e, Disc downstream static pressure
.
For the initial analysis, these parameters were defined from the gas
W generator design cycle analysis. For the analysis of actual engine

operating conditions, the measured values for turbine cooling air temp-
erature and disc upstream static pressure were used. Disc downstream

: static pressure was calculated from measured disc upstream pressure,
assuming design pressure ratio variation,

Boundary condition parameters that change as a function of time during
gas generator transient operation are defined for each transient and for
steady-state operating points. These parameters include:

a. Turbine rotational speed

b. Gas generator inlet airflow

c. Turbine inlet temperature

d. Compressor exit temperature
At each time interval, the temperatures of the boundary condition nodal
points of the heat-transfer model are calculated from the boundary
condition parameters in the following manner:

a. Gas inlet temperature (Figure 3, areas 15, 17, 19) -

Relative inlet temperature to the blade is calculated by
applying the design combustor exit-temperature distribution
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shape to the turbine inlet total temperature at the specified ﬂ
time and subtracting the total-to-relative temperature
differential as a function of rotational speed.

b. Gas temperature along shroud (21, 23, 25, 27) - The value
of inlet total temperature at the outer wall is determined by
applying the combustor exit temperature distribution to the
inlet total temperature, The axial variation of gas tempera-
ture along the shroud is determined by proportionally

reducing the temperature corresponding to the work extracted
in the turbine stage,

c. Blade cooling air (6) - The differential between turbine cooling
air inlet temperature and compressor discharge temperature,
as a function of speed, is applied to the compressor exit
temperature at the specified time,

d. Shroud cooling air (29) - Shroud cooling air inlet temperature
is calculated by adding to the compressor exit temperature a
temperature-~rise term which is prorated as a function of
combustor temperature rise.

e. The following temperatures are prorated from the design
values as a function of combustor temperature rise at the
specified time:

Disc aft face cooling (8)

Disc bore boundary temperatures (76, 1, 78)

Shroud support flange (36),

Heat-Transfer Matrix Solution

The calculation technique for the solution of the heat-transfer matrix
employs a stepwise procedure over time intervals small enough to allow
linear temperature averaging and evaluation of properties at constant
temperature. Typical time intervals range from 0, 2 second during
rapid transients to 1, 5 seconds as equilibrium is approached. The fluid-
element temperatures are evaluated by assuming quasi-steady-state
during each time interval to reflect the transient flow and temperature
boundary conditions. Convective heat-transfer coefficient formulations,
depending on the fluid flow path, are evaluated at each time interval to
determine the heat-transfer rates between the fluid elements and the
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material elements. During the calculation of fluid-element tempera-
tures, the material nodes are held constant at the previously calculated

o temperature levels. The fluid node heat-balance formula is described
e in Appendix A.
" \ Material temperatures are then reevaluated at each time interval. Their

rate of temperature change is determined by a heat balance of the con-
E - vective heat transfer from the fluid elements and the conductive heat
[y transfer from the adjacent material elements. The metal node heat-
: balance formula is described in Appendix B.

Heat-Transfer Coefficient Determination

Convective heat-transfer coefficients at each fluid/metal interface are

e calculated at each time step as a function of geometry and the applicable
thermodynamic parameters, The three basic correlations used are
those for internal flow, flow adjacent to a rotating disc, and flow over a
flat plate. A description of each correlation function is provided in
Appendix C. A description of the correlation technique used for each

¥ component is presented below,

a. Disc

Heat-transfer coefficients for the purge flow forward
(Figure 3, areas 9, 10) and aft (3, 4, 5) of the disc are
determined by Kapinos' Method for small radial flows in the
gap adjacent to rotating disc. Heat-transfer coefficients for
the fluid nodes (77, 79) on the side of the disc below the
spacers are held at a constant value (h = 20 Btu/hr ft2 ° F)
felt to reflect an induced enclosed air circulation. The fluid
at the bore (2) is also held at a constant value (h = 5. 0 Btu/
hr ftZ ° F) representing the conductivity through a stagnant
air gap adjacent to the shafting (1).

Flow in the preswirl cavity (7) is treated using Colburn's
equation for channel flow with the relative velocity of the
preswirl air adjacent to the disc.

Contact between the disc and forward spacer (70) is treated
as an effective convective heat-transfer coefficient of 1000
Btu/hr ft2 ° F acting over the area of contact,
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Blade

The turbulent flow across a plate correlation is used for the
gas side fluid (Figure 3, areas 16, 18, 20) heat-transfer
coefficients, The heat-transfer coefficients for the interior
cooling flow in both the platform and blade (11, 12, 13, 14)
are calculated using Colburn's equation, with the appropriate
factors corresponding to pins, pillars, and slots in the
passages,

The average contact resistance, CR (71, 72, 73),between the
blade and the disc at the ball root is determined by estab-
lishing the high-pressure load contact area (Ac), as well as
the total ball root surface area (As), and performing an area
weighted average:

At _ Hr (Ac) + (k/L)(Ac-As)
CRAVG As

where Hr = 5000 Btu/hr ft2 °F is a typically large experi-
mental value; L is the nominal gap between root and rim;
and k is the thermal conductivity of air. This average
contact resistance is then applied to the entire area of
contact between the blade root and the disc. Effects of
axial leakage along the ball root are ignored.

The heat-transfer coefficient for the hot gas along the
platform (16) is determined by using the correlation for
turbulent flow across a plate, where the flow length across
the platform is approximated as the chord length of the blade.

Shroud

An experimentally determined factor is used in the Colburn
equation to determine the heat-transfer coefficients for the
interior cooling flow (30, 31, 32, 33) around the bosses,

Heat-transfer coefficients for the gas-side fluid (22, 24, 26,
28) are determined by using the flat-plate correlation for
turbulent flow with a flow length equal to the helical spiral
length from the nozzle trailing edge to the node, based on the
exit swirl angle of the nozzle. It is believed that this length
most accurately simulates the gas path in the forward portion
of the shroud, without compromising accuracy in the aft
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portion where the gas flow direction has been vectored to
axial.

Tip-Clearance Calculation

Solution of the heat-transfer matrix results in definition of the compon-
ent metal temperature distribution as a function of time. The nodal
elements that represent the radial distribution of temperature in the
components are used for tip-clearance calculation, These elements
are:

a. Disc (Figure 3, areas 40 through 45)

b. Disc rim (46)

c. Blade (47 through 50)

d. Shroud - average of elements (60 through 63)
e. Shroud coverplate (66).

At selected time intervals, a strain calculation using the radial
temperature distribution, in conjunction with rotational speed, deter-
mines the thermal and centrifugal growth of each component. The disc
is approximated by a series of radially linked rings and the blade as a
series of elements in a bar. The ball root transmits the blade
centrifugal force to the disc. Thermal and centrifugal growth of the
disc, the ball root, and the blade are added to determine blade tip
growth, Shroud thermal growth is analyzed as a free ring or the
resultant growth of two interfering rings. Thus, the restraint of a
coverplate over the shroud can be evaluated. The difference of shroud

growth minus blade tip growth determines the differential tip clearance.

Turbine tip clearance at steady-state conditions, or at selected time
intervals during a transient, is the sum of the assembly clearance and
the calculated differential tip clearance.
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TIP-CLEARANCE MEASUREMENT DEVICE

GENERAL DESCRIPTION

The tip-clearance measurement device used for these investigations is
an optical system that uses a laser-beam triangulation technique to
detect blade tip clearance. The basic system was developed under a
previous program sponsored by the Eustis Directorate and is fully
described in USAAMRDL Report TR-74-67.1

The principle of operation is illustrated in Figure 4, a diagram of the
basic optical path within the probe system. Laser light transmitted
through the input fiber optic bundle is focused by the lens onto the
turbine blade, The prism at the probe tip deflects the beam at an angle
to the blade surface, and the reflected beam is focused onto the coherent
fiber optic output bundle. Tip-clearance readout is accomplished by a
videcon optically coupled to the output fiber optic bundle., As illustrated,
a change in blade position relative to the probe tip results in a change in
the reflected spot location on the output fiber optic bundle and on the TV
monitor readout,

Three tip-clearance measurement devices were installed in the gas
generator. The optical system was rigidly mounted to a base plate as
shown in Figure 5. Probes |l and 2 were supplied by a 15-milliwatt
helium-neon laser through a beam splitter and two input adjustment
assemblies, while probe 3 used a 10-milliwatt laser as a light source.
The three coherent fiber output bundles were mounted in close prox-
imity and placed at the focal point of the TV camera. This allowed the
simultaneous viewing and recording of all clearance measurements,
Output was shown on a 19-inch monitor and recorded with a 1-inch video
recorder., The signal from the gas generator tachometer speed pickup
was recorded on the auxiliary audio track of the video recorder, insuring
an accurate correlation between the measured tip clearance and the gas
generator operating condition. During playback, a digital clock output
was also included for transient clearance determination.

Details of the probe configuration are shown in Figures 6 through 8.

lM..]'. Ford, J. R, Hildebrand, and J, C, Prosser, DESIGN, FABRICA-

TION AND DEMONSTRATION OF A MINIATURIZED TIP CLEARANCE
MEASURING DEVICE, Pratt & Whitney Aircraft Div, , United Air-
craft Corp,, USAAMRDL-TR=-74-67, Eustis Directorate, U.S. Army
Mobility Research and Development Laboratory, Fort Eustis, Virgin-
ia, Sept., 1974, AD787318,
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